Introduction: Heart rate variability (HRV) 
Introduction
Heart rate variability (HRV) analysis is a common tool in cardiovascular physiology research because it is a noninvasive method for assessing heart function. More generally speaking, the beating rate variability (BRV) of the heart in vivo, sinoatrial node or single pacemaker cells can be studied to investigate cardiovascular function [1] . In this paper we use the term HRV to describe beat-to-beat interval variations from in-vivo ECG data and BRV as a more generic term to denote beat-to-beat interval variations from any electrophysiological signal (including signals from sinoatrial node cells, sinoatrial tissue, and in vivo hearts).
Recently we introduced the PhysioZoo platform [2] , an open-source program dedicated to the analysis of the beating rate variability (BRV) in mammalian electrophysiological recordings (physiozoo.com). The platform includes open-source software (code and user interface) for the analysis of the BRV in mammals and a set of annotated databases of electrophysiological signals. The software includes all the standard HRV measures, adapted for use with different mammals (humans, rabbits, dogs, and mice). Adapting these measures to other mammals is also possible in this framework. The PhysioZoo project aims to standardize BRV analysis from mammalian electrophysiological data, enable its reproducibility, and enable its use across multiple mammalian species and different levels of integration (i.e. sinoatrial cell, tissue and in vivo electrophysiological signals). In its current version the software readily implements all the steps of BRV analysis (peak detection, prefiltering and HRV measures) using electrocardiogram (ECG) recordings from different mammals.
In this paper we illustrate how to use PhysioZoo to analyze BRV across species or across levels of integration and discuss the physiological insights that can be obtained. For that purpose, we explore the relationship between the typical heart rate (HRm) and breathing rate (BRm) across different mammalian species and the difference in BRV as obtained from rabbit ECG vs. spontaneously beating rabbit sinoatrial node tissue electrogram.
Methods
Animal data from multiple studies [2] - [6] were collected for analysis. All animal studies were performed in accordance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH Publication no.85-23, revised1996).
We analyzed the beating rate variability (BRV) using the PhysioZoo program. We used the published PhysioZoo databases (Table 1) of electrocardiograms from four mammal types: humans (n=18), dogs (n=17), rabbits (n=4), and mice (n=8) [2] . These databases have reference peak annotations (i.e. manually corrected). The AVNN and high frequency (HF) peaks were computed and exported from the PhysioZoo program. We looked for allometric laws between the typical heart rate ( ) and the typical body mass ( ) and between the breathing rate ( ) and . values were taken from [7] . We looked for a linear relationship between the of different mammals and their typical . The breathing rate was evaluated by detecting the dominant peak location in the HF band of the power spectrum, which is known to be characteristic of respiratory sinus arrythmia [8] . Finally, we looked at the mean normalized power spectral density (PSD) for each mammalian database included.
We illustrate how sinoatrial node tissue beating variability can be analyzed and use the rabbit electrogram sample to show the difference in overall variability (quantified using SDNN) between sinoatrial node tissue electrogram data and in-vivo electrocardiogram data.
Accurate BRV analysis requires the following steps: accurate peak detection, preprocessing to remove sudden drops and increases in the RR intervals due to ectopic beats and noise, selection of the analysis window, and computation of HRV measures ( Figure 1 ). The algorithms are readily available in PhysioZoo for HRV analysis. To find the beat-to-beat intervals of the electrogram recording, the following steps were performed: recordings were prefiltered using a Notch filter at 60 Hz to remove power-line interference and the depolarization peaks were searched for. Depolarization peaks are sharper; thus, we used them as fiducial points to compute the beat-to-beat intervals. All detected beats were manually corrected to correct for misdetections. Then the beat-to-beat intervals were processed using PhysioZoo. 
Results
Allometric laws found for the HRm and BRm ( Figure  3A ,B) scale with a power of ~1/4 of BMm. This is in accordance with the allometric laws found for HRm and for BRm by others [9] , [10] . We found a linear relationship between and : = 5.25 * with 2 = 0.99 ( Figure 3C ).
We looked at the mean normalized power spectral density for each mammalian database. Interestingly, our results show that the mouse could serve as a better mammalian model than the dog or rabbit for studying the effects of drugs, mutations, or cardiac diseases on vagal activity as reflected in the HF band. This is because respiratory sinus arrhythmia activity is higher in smaller mammals, and thus the high frequency peak shifts to the right as the mammalian size gets smaller (Figure 4 ), leading to less overlap between the physiological processes echoed in the low frequency and the high frequency bands. However, this effect is moderated by the relatively lower energy contained in the HF band for the mouse versus bigger mammals.
Finally, we illustrate how PhysioZoo can be used to analyze BRV from electrogram data ( Figure 5 and Figure  6 ). Figure 6 shows the beat-to-beat interval variation against time from the electrogram recording when no preprocessing is applied and taking the repolarization peak as the fiducial point to be detected versus preprocessing the data with a Notch filter and taking the depolarization peak as the fiducial point. This beat detection algorithm for electrogram data will be further developed and implemented in PhysioZoo in future work. Analysis of the sample rabbit sinoatrial node tissue BRV showed that it had reduced overall variability (SDNN=5.3 ms) in comparison to the whole innervated heart HRV (SDNN =9.5 ms). Beat-to-beat interval variation when detecting the depolarization peak after preprocessing with a Notch filter in an electrogram signal ('peaks after adjustment') versus detecting the repolarization peak and without preprocessing ('peaks before adjustment'). 
Discussion and conclusion
Our first main conclusion is that there is a linear relationship between BRm and HRm. This linear relationship implies that the number of beats in one breathing cycle is the same for all mammals. It was obtained by the study of HRV across multiple species. The second main conclusion is that the separation between the high frequency band and low frequency bands in PSD analysis is better for the mouse versus the other mammals studied. This suggests that the mouse can serve as an important animal model when investigating vagal effects. Finally, we showed that the BRV was reduced in isolated sinoatrial nodes versus the in-vivo heart. We observed that the analysis of electrophysiological signals other than ECG requires adaptation of preprocessing strategies in order to obtain a meaningful beat-to-beat time series ( Figure 6 ) and thus accurate BRV analysis. This will be further developed and implemented in PhysioZoo.
